Background: Severe vitamin B12 deficiency can result in serious complications if undiagnosed or untreated. Our aim was to test the efficacy of interventions in the laboratory process to improve the detection and the treatment of severe vitamin B12 deficiency. Methods: Quasi-experimental investigation with a retrospective 7-year pre-intervention period and 29-month post-intervention follow-up in a university hospital. Two interventions were designed to improve the detection and treatment of subjects with vitamin B12 deficiency: the laboratory information system (LIS) automatically added seru vitamin B12 (s-vitamin B12) based on certain conditions; and created a comment in the report and scheduled an appointment with the general practitioner (GP). We calculated the number of new diagnoses of severe vitamin deficiency (s-vitamin B12 < 73.8 pmol/L) and the proportion of identified patients that were correctly treated in the pre-and post-intervention periods. We compared the number of tests needed to detect a new case when ordered by GPs vs. added by the strategy. Finally, we investigated the economic cost of each new case.
Introduction
Since the introduction of the brain-to-brain loop concept for laboratory testing [1, 2] , later known as total testing process [3] , laboratory professionals should consider the steps that occur outside the laboratory in an effort to prevent errors related to the laboratory-clinician interface.
The terms "post-post" and "pre-pre" analytical steps were introduced to identify the activities associated with the clinician's initial choice of laboratory tests and the subsequent report interpretation and acting upon [4] . Both steps are more prone to errors than other pre-, post- [5] [6] [7] and even analytical activities [8] . In fact, inappropriateness of test request as well as the improper interpretation and utilization of results [3] , represent a large percentage of total errors [9] . Although the request for laboratory tests has been extensively studied -and found to be highly variable [10] , with both under- [11, 12] and over- [13] utilization -and several corrective strategies [12, [14] [15] [16] [17] [18] [19] have been proposed, the post-post-analytical phase has been examined to a lesser degree. Furthermore, 25%-46% of laboratory errors are due to delayed or improper reaction to laboratory reporting, incorrect interpretation, inadequate follow-up plan or failure to order the appropriate consultation [20] .
Vitamin B12 deficiency is associated with cognitive decline, dementia and Alzheimer's disease [21, 22] , and may lead to DNA damage and altered methylation, both important risk factors for cancer. Older subjects are at the highest risk for vitamin B12 deficiency, as 10%-15% of people above 60 may present gastric atrophy and consequently hypocobalaminemia [23, 24] . Additionally, epidemiological studies found that 31% of depressed patients had serum vitamin B12 deficiencies [25] and one study found that patients with vitamin B12 deficiency are almost 70% more likely to suffer depression [26] . Additionally, commonly used treatments in primary care such as proton pump inhibitors and histamine-2 receptor antagonists, suppress the production of gastric acid and thus may lead to malabsorption of vitamin B12 [27] .
In all, it is critical to identify and treat patients with vitamin B12 deficiency, given the major adverse effects and potential irreversible cognitive damage of this condition [28] , the low economic cost and lack of toxicity of vitamin B12 treatment [29, 30] and, the technically easy and inexpensive way to detect it through measurement of serum vitamin B12 (s-vitamin B12).
We hypothesized that some meaningful low s-vitamin B12 results would unfortunately remain unacknowledged and not acted upon, and that corrective interventions would improve the proportion of patients that receive appropriate replacement therapy and the detected cases of severe vitamin B12 deficiency.
The purpose of this investigation is to test the efficacy of automatic interventions in the laboratory process to improve the detection and treatment of patients with severe vitamin B12 deficiency.
Materials and methods

Study design
A quasi-experimental investigation was conducted; a baseline preintervention cross-sectional study from January 1st 2008 to December 31st 2014, and a post-intervention follow-up from January 1st 2015 to May 31st 2017.
Laboratory and hospital characteristics
The clinical laboratory is located in a 370-bed suburban University Community Hospital that serves the population of the Health Department (HD) (234,551 inhabitants). It receives samples from inpatients, outpatients and primary care patients that are phlebotomized in nine different primary care centres (PCCs). Their samples are collected by couriers and delivered to the laboratory sample reception desk.
Primary care laboratory requests are made electronically from the patient's electronic medical record (EMR) by the general practitioners (GPs) and the reports are automatically sent from the laboratory information system (LIS) to the EMR. s-Vitamin B12 can only be requested in an individualized manner; the test does not belong to any laboratory profile.
Participants
We included all community inhabitants of the HD covered by the clinical laboratory. For analysis, we excluded those patients with vitamin B12 deficiency who passed away during the pre-and postintervention periods, and those that did not reside in our HD, as we did not have access to their EMR.
Ethical approval was not required for the study design.
Intervention design
In two meetings between the laboratory professionals and a GP coordinator representing the nine PCCs, we defined a new case with severe vitamin B12 deficiency when a patient had a new s-vitamin B12 < 73.8 pmol/L [31] regardless of whether s-vitamin B12 was or not previously measured in the past year. We identified the number of cases through a 7-year retrospective search in the LIS patient database. Based on our HD available resources and guidelines [32] a consensus was reached, and this new result was considered as (a) "communicated and received" when the result was made available in the EMR, and was checked by the GP; (b) "reviewed", when the GP treated the patient with any vitamin B12 supplements no later than 2 months after the phlebotomy and (c) "correctly interpreted and acted upon", when the patient received intramuscular (IM) treatment prescription [33] no later than 15 days after the phlebotomy. In situations when oral vitamin B12 treatment [34] was correctly prescribed instead of IM (e.g. vegetarians or IM treatment not accepted by the patient) these cases were considered "correctly interpreted and acted upon". Two different interventions were designed to improve the detection (laboratory pre-pre-analytical-intervention) and treatment (postpost-analytical-intervention) of new cases with severe vitamin B12 deficiency.
Regarding the laboratory pre-pre-analytical intervention, the LIS automatically added s-vitamin B12 to the laboratory request of any primary care patient whose mean corpuscular volume (MCV) was higher than 100 fL [35] , when the former was not requested either in the current order or in the previous year.
Regarding the post-post-analytical-intervention, when a new case of severe vitamin B12 deficiency was identified, three actions were taken: the LIS automatically added a comment in the laboratory report ("Vitamin B12 therapy is recommended") and a patient appointment with the GP in the EMR. In addition to the electronic report in the EMR, a report was printed on garish color paper and shipped to the requesting GP to further alert him about the need of action.
Outcome measures
In both periods we computed the number of GP laboratory orders, total laboratory tests and s-vitamin B12 from primary care. We studied the number of new cases of severe vitamin B12 deficiency (s-vitamin B12 < 73.8 pmol/L) and calculated the rate of severe vitamin B12 deficiency detection as the ratio of number of s-vitamin B12 measured per new detected cases. We compared the demographic data, s-vitamin B12, MCV and hemoglobin values in the subjects diagnosed with severe vitamin B12 deficiency.
Finally we calculated the number of s-vitamin B12 < 73.8 pmol/L results that were "communicated and received", "reviewed", and "correctly interpreted and acted upon".
In the post-intervention period, we studied how many subjects were identified, when vitamin B12 was ordered by GPs or added through the intervention, and calculated the number of tests needed to identify a new case, and compared the demographic data, s-vitamin B12, MCV and hemoglobin values in both groups.
We calculated the economic cost per new detected case through the intervention taking into account the reagent cost (€2.5 per test).
Laboratory methods
Three milliliters (3 mL) of blood sample were collected from each of the subjects into BD Vacutainer( 
Statistical analysis
The sample size was calculated from the prevalence from prior studies, taking into account a 3% frequency of vitamin B12 deficiency [20] . The 95% confidence level indicated a minimum cohort size of 146 patients with vitamin B12 deficiency for both the pre-and postintervention periods, considering our study population (234,551 inhabitants), assuming a 20% loss.
The statistical analyses were performed with SPSS (SPSS Inc., Chicago, IL, USA). The statistical analysis included a descriptive analysis of the variables: the distribution, the mean, standard deviation, median and percentile 25-75. The comparative study by two percentages was done by the χ 2 -test. A two-sided p ≤ 0.05 rule was utilized as the criterion for rejecting the no difference.
Results
Patient population
During the 7-year pre-intervention period, the number of total laboratory tests from primary care increased by 30%, while the demand for s-vitamin B12 tripled along this period (6647 in 2014, and 2083 in 2008) ( Table 1 ). Patients Table 1 : Number of laboratory requests, and number of total and serum vitamin B12 tests (s-vitamin B12) in the pre-intervention period. 54 (37) 53 (35) 52 (33) 52 (33) 53 (33) 55 (32) 55 ( 66 (38) 63 (40) 66 (39) 62 (39) 60 (39) 61 (37) 62 ( Table 1 shows the annual number of number of GP laboratory orders, and number of total and s-vitamin B12 tests that were performed during the pre-intervention period. Patients with s-vitamin B12 request were older (p < 0.01) and more likely women (p < 0.01). The Table also displays the number of new cases of severe vitamin B12 deficiency detected every year. The vitamin B12 demand tripled along the 7 years of the study. The number of new cases of severe deficiency detected also increased, but to a lesser degree. The number of s-vitamin B12 needed to detect a new case increased along the time interval.
with s-vitamin B12 request were older (p < 0.001) and predominantly women (p < 0.001). (Table 1 ).
In the post-intervention period, 226,906 laboratory requests containing 5,071,530 total laboratory tests were received from primary care.
In the pre-intervention period, 229 new cases of severe vitamin B12 deficiency were identified; 31 died and one did not live in our HD, resulting in a pre-intervention cohort of 197 patients. Among those, 85 (43.1%) had anemia, and 118 (59.9%) had macrocytosis ( Table 2 ). Among patients with anemia 4.1% had microcytic and 36.0% had normocytic anemia.
In the post-intervention period, 192 new cases of severe vitamin B12 deficiency were detected. Out of those, two died and nine did not live in our HD, resulting in a post-intervention cohort of 181. Among those, 67 (37%) had anemia, and 102 (56.1%) had macrocytosis ( Table 2) . Among patients with anemia 3.3% had microcytic and 40.6% had normocytic anemia. There were no significant differences in demographic characteristics and laboratory tests results between "new cases of severe vitamin B12 deficiency" in the pre-and postintervention groups. Table 2 compares the demographic and analytical characteristics of patients in the in pre-intervention and in post-intervention cohorts. There were no statistically significant differences. 11 (27.5) 24 (32) 66 (100) 30 (100) 36 (100) Hemoglobin, g/dL: median (P25-P75) 12. 
Impact of the laboratory pre-pre-analytical intervention
In the post-intervention period, 22,352 s-vitamin B12 were requested by the GPs, and 699 were added by our strategy. Among the 181 new cases of severe vitamin B12 deficiency, s-vitamin B12 was requested by the GPs in 115 and added by the LIS according to the intervention in the remaining 66. The number of tests needed to identify a new case when s-vitamin B12 was ordered by GPs was 194, as opposed to 10 when added through the intervention (p < 0.001). The demographic characteristics and laboratory results in patients detected by the intervention were not significantly different from the ones detected by GPs, except for MCV (105.1 ± 5.1 vs. 96.4 ± 12.1, p < 0.001) and s-vitamin B12 (65.4, IQR 33 vs. 74.6, IQR 39, p = 0.04); these results are shown in Table 3 .
Regarding the economic perspective, the total reagent cost to measure the additional 699 s-vitamin B12 was 1750.1€; which resulted in a cost of €26.7 per new patient detected.
Impact of the post-post-analytical intervention
In the pre-intervention period, all 197 (100%) low s-vitamin B12 results were communicated and received, 164 (82%) were reviewed, and 103 (52%) were correctly interpreted and acted upon (Figure 1 ).
In the post-intervention cohort, all 181 low s-vitamin B12 results were communicated and received as well, 177 (98%) were reviewed, and 159 (88%) were correctly "interpreted and acted upon", as opposed to 52% in the pre-intervention cohort (p < 0.001).
Discussion
Strategies impacting the laboratory pre-pre-and postpost-analytical phases efficiently identified subjects with severe vitamin B12 deficiency that would have otherwise probably remained undiagnosed, and resulted in a more effective clinical management.
Through the automatic register of s-vitamin B12 in the agreed conditions, a new case of severe vitamin B12 deficiency was detected for every 10 measured tests.
Throughout the pre-intervention period, requests for s-vitamin B12 tripled, with more cases of deficiency detected. However, with time, more s-vitamin B12 requests were needed to detect a new case of severe vitamin B12 deficiency; i.e. more cases were detected but in a less efficient way. The cause of such an increase is unknown but it could reflect increased use of s-vitamin B12 for monitoring replacement. This could potentially be improved with a pre-pre-analytical intervention such as the use of GP education or clinical decision support software.
In the laboratory pre-pre-analytical intervention, making use of the LIS and patient data bases, an automatic intervention was designed and implemented in order to register s-vitamin B12 in primary care patients' requests when MCV > 100 fL. We chose the number of new cases of severe vitamin B12 deficiency and cost per case as outcome indicators [16] . Sixty-six new cases were detected at a cost of €26.7 per case. Given the potential devastating consequences of vitamin B12 deficiency, the above price, and the lack of adverse effects of replacement therapy, this cost per case detected seems very reasonable and affordable for any health system, and suggests that the intervention was successful.
Regarding the post-post-analytical intervention, the addition of the interpretative comments in the laboratory report, reporting information in addition to simple data [36, 37] , dramatically improved patient management; most s-vitamin B12 results of new cases of severe vitamin B12 deficiency were correctly interpreted and acted upon.
Despite the fact that all results were communicated and received, around half of the patients were not adequately treated in the pre-intervention period. This probably reflects that most clinicians were unaware of the low s-vitamin B12 results or their important consequences. This has been reported in the past, as a high percentage of physicians did not respond to elevated calcium results by writing a note or ordering another test [38] .
The study had certain limitations. First, we were probably only impacting a proportion of patients with vitamin B12 deficiency given the fact that just under half (40%-44%) of patients in both cohorts did not present with a low MCV, and some patients with B12 deficiency may have been missed with serum B12 above the 73.8 pmol/L cut off. Moreover a weakness of the strategy could be the neglect of other factors that impact MCV, such as iron deficiency and liver dysfunction. Second, we could not study how many patients had resolution of macrocytosis, or anemia or symptoms improvement. Third, as the standardization of s-vitamin B12 assays is not completed [39] and there is inconsistency in the literature regarding s-vitamin B12 cut-offs for the diagnosis of vitamin B12 deficiency in the general population [40] methyl-malonic acid, total homocysteine or holotranscobalamin could have been measured to document deficiency, although s-vitamin B12 levels below 73.8 pmol/L are usually associated with clinical deficiency [41] . Our population was largely elderly and the strategy may not apply to younger adults. Given time frames for "reviewed" and "correctly interpreted and acted upon" are relatively short, it is conceivable that the response would have been greater if more time was allowed for patient follow-up; this is another potential limitation of the study. Finally, the calculated economic costs of the study may not apply to other settings, as the authors' laboratory belongs to a Public Health Network, where reagent prices are relatively low.
Despite the fact that B12 deficiency can be treated with vitamin replacement, in many cases results indicating B12 deficiency were not acted upon correctly, thus potentially influencing patient outcome and societal wellbeing. Accordingly, it is crucial not only to make sure that the laboratory result has been communicated, received and reviewed by the right provider, but also that it has been interpreted correctly and the subsequent advisable clinical action(s) are indeed completed [42, 43] .
Strategies impacting the laboratory total testing process efficiently detected occult new cases of severe vitamin B12 deficiency and improved treatment of such patients.
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